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This final technical report has been taken from the full
report of the three years' investigation into the subject of the
geometric structure and form of yarns, and consequently the

numbering of the chapters and pages does not start from unity.
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PART I1I

GEOMETRIC STRUCTURE AND FORM OF YARNS

Shetract

Yarns may twist as a cylindrical bundle of filaments or as a
ribbon of filaments. In some yarns the ribbon form of twisting is
more pronounced than the others. In all the earlier theoretical
analyses of the geometry and mechanics of twisted yarns, cylindrical
structures have been assumed. In our present work, investigations
have been made on the structure and form of yarns which do not twist
as a cylindrical bundle.

In the previous two annual reports, studies on the untwisting
of colour-coated yarns and their cross-sections were presented.
Larger model yarn structures were developed to obtain a clear picture
of the mechanism of twisting. A theoretical development on the
mechanism of twisting based on the ribbon form was made. The
agreement between the theoretical and experimental results was
found to be very poor and wzs due to the neglect of various
forces acting on the yarn elemen’ 3. A further developm nt on the
theory has been made since and has been included in this report.

The improved theory is found to agree very well with the experi-
mental results.

To understand the mechanism of ribbon form of twisting in
actual yarns, ribbon of rubber filaments were twisted on model
twisters and their cross-sections examined. It is observed that

the dideal wrapped ribbon structure as assumed in the theoretical




analysis is not obtained. Instead a collapsed wrapped structure

is obtained.

The theory of ribbon twisting has further been applied to
determine the path of a filament in the yarn. VWhen a spinning
twist is present in the yarn, the filaments do not lie parallel to
each other in the ribbon; the prescnce of a primary migratory
cycle in the filament yarns has beon explained to be due to the
spinning twist. A mathematical relation has been derived for the
migration period of a filament assuming that spinning twist is
present and the yarn has wrapped ribbon structure.

In the final stages of this work, coloured layers of fibres
and filaments have been used to produce yarns on commercial twist-
ing frames. The yarns were then observed under the microscope to

show the extent to which wrapped ribbon structure is present in

commercial yarns.
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CHAPTER 5

CEOMETRY AND MuECHANICS O™ TWISTING Or RUBBER STRIPS

5.1 Introduction

A theoretical development of the Geometry and Mechanics
of Twisting of Rubber Strips is given in this chapter. On account
of the complex nature of textile materials, verification of a
theory by experiments on actual textile yarns is not easy., The
results obtained from the investigation on twisting of rubber
strips are compared with corresponding values calculated
theoretically, using the measured values of parameters defining

the geometry of the system and elastic constants of rubber,

5.2 Geometry of twisted form

The geometrical relations for the twisted form of ribbon can
be arrived at by considering it to be of the same type as twisting
of a thin metal blade. Figure 5.1 shows the general form of
twisted structure. 1In Figure 5.2(&) it is seen that the lower end
of a cylinder whose top end is fixed has been rotated through a
certain angle in the direction of the arrow.

Let 00' be the axis of the cylinder, and A be any point on
the surface of the cylinder at the free end., After twisting, the
point A acquires a new position B, Thus the point A has rotated

through a certain angle with respect to a similar point A’
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on the fixed end of the cylinder. The angle A2'B is the helix
angle, Now if the cylinder is considered to be made up of a

number of thin parallel plates then on twisting the cylinder the
plates will also be rotated in the similar fashion, If we consider
a point C on a plate at the centre of the cylinder then on twisting
this point C would have moved to point ¢! and the angle coct will
be equal to the angle AA'B.

In Figure 5.2(b) twisting of the plate, which was in the
centre of the cylinder, has been shown separately. Figure 5.2(c)
has been drawn to show the movement of point C to ¢! and D is
the point on the fixed end of the plate.

In order to work out the geometry of the twisted part, let

,@1 be the length of strip in twisted part
ny be the number of turns in twisted part

R1 Dbe the radius of the cylinder of which it is a part,

o be the helix angle

The standard expression for the contraction in length of
thin rectangular bar during twisting (assuming large deformations

in materials like rubber is (24))

p2p2 O,
eo = =S & 2 EEER) (5)
2x12 Y
where
€, is the percentage contraction in length,

e is the twist in radians per unit length,




b is the width of the rectangular strip,

ﬁ'o is the longitudinal sfress acting on the strip

during twisting ard ¥ is the Youns's Vodulus of the material,

In Fig. 5.3 the calculacvea curve of percentage contraction
in length during twisting of & cm., wide ribbon at 5 gms. tension
have been plotted. Along with the calicula.aed values of con-
traction, experimental valuesn lievs =1z0 heen plotted. If can be
seen that up to 0.12 turns/cm. the agreement between the experi-
mental and theoretical velucs are very good. The experimental
velues of contraction beyond 0.12 turns/cm. have not been
plotted in Fig. 5.% becausc the wrapped part starts forming at
that stage and hence the percentage contraction will be much
greater. In the equation (5) the width of the riblhon occurs as
the squared power, hence the percentage contraction for narrower
ribbons will be very smal:,

Hence,; assumings tLav (a) there is very little deformation

in the twisted pars, and (p) “hat the length along strip is equal

ey

to the length along the asis, i.o.. there is negligible
contraction in length (as evplined arove), the geometrical
relations for the twisted pavt can be urryived at by referring to

Fig. 5.2(c).

length in one turn = CD = -=— = hq (say)
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and tan g = E—~—~- seees (5.1)

C e ton a0 = o o O (5.2)

5.3 Geometry of wravped structure

The form of wrapped siructure mey be visuslised by considering
a strip of paper rolled up so that its axis is in onc plane =ns
illustrated in IMig. 5.4(&). This 1s a wrapped structure with a
complete overlap of successive turns. If the ends of the paper are
now pulled apart, a wrapped structure with only partial overlap
is obtained, as in Fig. 5.4<b). Pinally, on further extending
the chain, a gap between turns will form us in the upper part of

Fig. 5.4(c). Thus there are three types of wrapped structure,
(a) Wrapped stiucture with overlapping of turns, Fig. 5.5(0).

In practice with s strip of ruvber of finite thickness the overlap
would not be eble to take place, and the turns would join together
under the condition in which tvhey are trying to overlap.

(v) Wrapped structure with no overlap and no gap, (Pig. 5.5(D))

i.e. a structure which ie just jemmed.

(c) Wrapped structure with & gap, as shown in Fig. S.S(a)
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(o))
1
.

In order to work cut the detailed geometry of the wrapped

part, let the length in the wrapped part along the strip = e’g

the leneth in the wrapped part aleng the axis = Lo cns,
the helix angle be = Q2
the number of turns in the urapped part = 1o
and the radius of the cylinder = Ry

Hence the length in wiepped part aivig wue asis ol che stiructure

i

Let S be the separation betwcen the string perpendicular to
the length of the strip as shown in Mgure 5.4(a). If there is
overlap 3 will be negative.

Pig. 5,6(a) and (b) has been nbtained by cutting the wrapped

structure and opening it out into a plene. We see that

tan a2 —- —.-1-.--:~ c 80 a0 (5'3)
g
W EERS
__..]-...-—i = S1il G R (5'4‘)
19
ho
. —— [a 5
P = COS Gz veees (5.5)
L/l’lg
2nR
E;L—im = 8in Q2 Dbow (5'6)
z/n2
b+8 _ 26T ceres (5.7)




from (5.6) and (5.7) we get s
(b +35)°
5 = cos? a,
4n Ro
41I2R22 L2
7 = cin‘as
( z/nz)
° 4ﬂ2R22 1 (p + g2 ( )
o e )/ = o ) - tss e 5.8
(@2/1#;2)& 4_7];"}'{22
R . .
or 16n' RS = ;‘%)2 :‘\L4n2R22 =) e s)?-}
- E
or 1617 R - 4n? 2 RBP4+ (b +3)° 25 = O,
nz N2
4,2 0,° 0,2
4 "—2~2- t /1 6n4 (-*7—2‘)2 - 64754 (b + S)’ 22
0 2 nz Y nz N2
. e R2 =
2 16714
’ 2 1 o M
. 1 ‘@2 + ~{)/2 //(,ZL . >
m? | — I — = - 4(b+5)
. n2 2 v n2
== o 4
27 T
2 ’ 2
62 + L2 (22 ~)2
—— - l‘:l-*' e 4(b—l .:3)
o an _ a2 2 No
8 1t
7
62 t L ﬂ2—4(1w+s)2nz
or  Rp% = — L . (5.9)
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Also from Fig. 5.6(b) we find that
hy = (b + S) cosec ap R (5.10)

Equation (5.10) gives the general formula for the length of
one turn of the structure along the ¢xis and equation (5.9) ig the
general equation for the radius of the wrapped structure, S can
assume positive or negative values or it can »e zero. VWhen S
has positive values we have wrapped structure with gap, but when S
is negative we obtain the wrapped structure with overlapping. The
zero value of 5 corresponds to the jammed structure, but the general
form of the equation (5.9) and (5.10) will be used initially in
dealing with the mechanics of the wrapped structure,

Equation (5.9) has two solutions because it is in general
possible, as illustrated in Fig. 5.7, to have two structures with
the same length of strip, the same number of iurns, and the same
gap (or overlap) between the turns of the strip.

It is interesting to consider some special cases:

(i) Considering the positive sign only in equation (5.9)

veere (5.9a)
This indicates a reduction in diameter with the increase in twist.

(ii) When § = ~-b, 1i.e. there is complete overlap




FIG. 6.11
VIEW FROM TOP VIEW FROM BOTTOM.

FIG. 5.7

TWO SOLUTIONS OF WRAPPED STRUCTURE.
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Y °
Rp2 = —— Stk G

b)
4ﬁ2nzh

o

This is correct since the strip is wrapped in one vnlane

Fig, 5.4(a) and its circumference must equal JZz/nz,

(iii) When S =0, i.e., the structure is just jummed,

‘ .;) . .
ij’zgi(j’e J{’zz - 4&3"1122

-

2o (sl ge)

Rzz 2
81 no

Again two solutions are ir general possible, corresponding to
Jjamming in tension or compression. In Fig, 5.8 graphs have been
plotted at various twists for the radius of the wrapped structure.
It will be seen that the two solutions as mentioned above give
rise to two different values of radius for the same twist and
the same gap 'S' between their edges. The two solutions merge

into one at one particular gap for each value of twist,

(iv) General Condition for the two solutions to merge,

From the study of the curves in Fig. 5.8 it will be seen
€,

that in case (a) when the number of turns introduced n» éi EE
the two solutions merge into one when the gap S 1is 0.25 for

1 cm, wide ribbon of length 25 cm. at 10 turns.
10
(b) when np = Eg the two solutions merge

together at zero gap end the value of radius is given by




Rp? = e veer. (5.98)

In this case the geomotry of the structuwre will be as shown in

: : 0 . . . ey
Fig. 5.6c with o = 45", VNo structure with gap is possible when
¢,

n2=~2:5.

{

(c) tthen no» :> %% no wrapped s ructure with gap is
possible. The two soluticns merge into one for a definite value
of overlap depending on the valve of na,

From the Mg, 5.8 it con be further secn that the -ve sign
solution will give an increase in rrdius of the wrapped structure
with twist and also an increasc in radius with the gap. This is
quite contrary to the observations when a ribbon is ftwisted under
tension, As a matter of fact the zbove siturtion can only arise
when a strip is twisted under compression, The obscrved effect

of reduction in diameter with incresse in twist and increase in

gap is explained by the +ve sign solution graphs in Fig. 5.8,

5.4 Mechanics of the twisted part

—

the ribbon bhe b cams,

O
4

Let the width
thickness of the vibbon be d cms,

end length of the ribbon be ﬁ'oms.

If the thickness ‘d' of thc ribbon be very small compared
to the width b , then the standord expression for couple (23)

required to twist a thin blede, one end of which is fized, can
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be used for our purpose

The couple required to twist n rectangular strip of width b

and thickness d will Dbe given ny
G = C'W T bd®> dynes cm.

where Yz is the shenr modulug
KTJ is the twiszt in radians per cm,
and C 1is 2 constant ond is dcternined by b to d rotio,

2 ba
4

or G = C'Q 3

R
5

where € is tihc rotation of the frece end in radians.

Applying this equation to the twisted part of the structure

1

we know that © = 2un ,

. « Couple G becomes = € f| . -5, bd’

veene (5.11)

11
o
)
A
=
l’
=
=
W
Y
]
13

and hence

Ol

When b to d ratio is 10 or more C =

"y

1 2= o
¢ = yr e g veree (5.112)

(will be applicable to the 1 cm, wide ribbon where g 6—65

Again when b to d ratio is approximately equal to 5 the

value of C = 0.29

5 14

. G = 0.58 Tc\"\b:i-j.?"“ oo... (5.111)
3 S 4




.

~—

will be applicable to the 0.5 c¢m., wide ribbon where

Q-s).

0.5
0.09

Strain Energy

Vhen a length of n ber is twisted through certain angle then
work is done on it ond this work donc is stored in the body ~s
energy. If the body is a perfectly elcstic one, then this energy
is released on removal of the forces causing this strein. Thus,
if G be the couple applicd to twist a body through ~n angle 6,
then the work done

n)

= Strain Energy = Ge

1
2
In our case of twisting a rcectangular strip

Strain knergy = DBp = % Ge

SR ]
5 2Cn YLod A 24 . 27Ny
2

Il 4
2Cn2‘Q‘bd3. T e (5.12)

11

For 1 cm, wide strip the strain cnergy
0,2
. 1.2 3 2
By = 2 3 n° Y} bd®, - veees (5.122)
T 3YL £,
and For 0.5 cm., wide strip the strain enecrg

?
i
B, = 0,58 g2~ bd®, - veres (5.120)
T T

Thus in general

EBp = nngG veres (5.13)
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5.5 Mechanics of Wravped Prrt

I o lon~ thin striv of rubber vr o strip of puaper is bent
along its length so thot two ade of the strip ere mc 2 to touch
each other, then we got a cylindriccl shell gtructure whose depth
is equal te the width of the strip ani the circumference equal to
the length of the stzip s shown in Mg, 5.9(a). hgain if the
same strip of rubber or »uncr is hert along its width so that the
two edgcs of the strzin nrce m Ae to touen csoch other then we get
another cylindricel shell strueture whese depth will be equal to
the lengthn of the stuidip and the circumference cqual to the width
of the suvrip, ac shown in Nig, 5.9(b). Bul if wo bend the strip
in skew by holding %wo ands of the girip, suck that the axis of
bending is inclined at a ceriain angle to the length of the strip,
then the type of sirucivre obtained will not be the same as the
vllco 4e0 tvses menlicned chove but it w11l be as shown in

Fig, 5,107a) If bendine in the zect of ihe lengsh of the strip
is continued, kecning the axis of beading the same and also the
radius of curvilure of broding as coustant, then we get

structure as shown in Mg. 5, 10(b anc c> This structure

L

5 , B . . . \
resembles the stiuctuvrs of the wrapped part Fig, 5.5(a)

ol

-~

A short senticn of the grarnped shructire is shown in
Fig. 5,11, In oxder 52 noivtain thic covfiguration, torque must
be applied along 4B and CY t¢ balencs the boadivg moment.

ho bending wmovens F Toi 2 yectengular bor when bent into
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a cylinder (i.e. considering lorge deform-tion) is given by (26) -
Yy . I
M = —=——7—
(1 = u)p
where Y is the Young's modulus of the material
I is the nmoment of inertis of the bar ~bout the
neutral axis, p 1is the radius c¢f the cyl.nder into which the

bar has been bent ~nd u is the Poisson's retio for the mnterial,

Apvlying the sume formuls to the wrapped structure, we

oh =Ry (radiu& of the wraypped structure)

1f 72" be the netural ~%ia, then from Figure 5.12(0)
moment of inertia of the rectonpulsr strip which is the thickness
of the rubber along AB in Figure 5.11 is

I

———_—
24 J

= ""‘1",""“"' * o004 (5-14>

Hence

Bending Moment

i
=

|

|

i

1)

-
]
2
1

|

{

|

i

and

m e = | = Bending Moment U = . T * .
Torque /7’ Be & i - HE) sin az = Ra

veeee (5.16)
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Substituting the value of sin az from eguntion (5.6) i
equation (5.16) we gets
Y . bd® Ly 1

T = Sl

12(1 = u?)  2nRuue

3 7
Y . bd Aol
- — . — ., % veeer (5.17)
24(1 - L )n ne Re

Substituting the v.lue of R»? from equztion (5.9) in

equation (5.17) we get:

Y . bd L. 8n%n,?
PT/Z 24(1 = ¥)n ;: | 622 s {ZJ/Egz - 4(b + 5)%n,°
. (5.18)
Y . 143 =

Or ' = = —O L ] .
N? 5(1 - p?) Q@ iv/@gz— 4(v + 3)2n22

The two solutions correspond to the two forms having same

values of'ib, np, b and 3 but different values of az and Ro.

Strain Eneregy

When a strip is bent by an externnlly 2pplied couple
work is domne on it. This work is stored in the body in the form
of energy, and is known as the strain encrgy due to bending.,
Strain energy due to bendine is given by half the product of the
bending moment and the angle which the ends of the bent strip
submit at the centre of the circle of which it is a part. In

our case as the bending moment is equal to the torquc 1 ,
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the strain energy stored in the wrapped part will be given by

Ep = %-torque X total twist
1 -~
= 5 X TJ X 27n»

= T, N2 o’T EEE

Special cases

(i)

agreeing

(1ii)

(iv)

(5.20)

Considering the positive sign in equation (5.19)

; Tbd’ 20,2
wr 7)(1 = Uz) ’ 'g’z +, '(/122 - 4(b + S>2n22

now if S = -b

; vhd®  ming”
wr = . s 0 .

3(1 - p?) 2d,
with the simple equation of planer wrapping
When S =0

de3 n2n22
Eyp = =3 7T 7.2 2 serer
3(1 = p*®) > T /L,° - 41 n,
by
When S = 0 and n» = BT
o 13
, 7bd x

E = T . v Peos e

3(1 = u®)  4b?

(5.21a)

(5.21¢)

(5.214)

In Figs. 5.13 curves for the energy due to bending has

been plotted against the gap 'S' for various values of twist.

If the curves plotted with the +ve solution are observed, it will
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be seen that when ns is less than 2/2b , the energy increases

as the gap increases, If the ribbon was free to choose a
structure due to bending then it would choose a form which will
have minimum energy stored in it, When the ribbon has got a
finite thickness, it is obvious that it will not be able to
overlap and so will not achieve the form w .th minimum energy
occurring with overlap of S = ~b, If no external tension was
applied during wrapping, the ribbon would have taken the form
with zero gap which has got less bending energy than the form
with a gap. When n» is equal to 62/2b there will be only one
form possible without overlapping and the energy }evel position
is shown in Fig, 5.13. When nz is greater than 2/2b51wrapped
structure without overlap is not possible (as shown in Fig. 5.13),
and if the ribbon is of finite thickness, distortion of structure

will take place at this twist for the tendency of the edges will

be to overlap which will be obstructed due to its thickness.

5.6 Potential energy of the system

Energy is defined as the capacity for doing work, and when
a stone is at a height of h cm., above the ground its weight has
the capacity of doing mgh ergs of work in virtue of its position.
It is said to possess energy of position or potential energy.

When a ribbon is twisted the length along the axis of the

structure is smaller than the length along the axis of the strip,
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i,e. twisting is followed with contraction in length, If a tension
had been acting on the ribbon when it was being twisted, or if we
imagine that a load was hung from one end of the ribbon and twist
was imparted from the other end, the load will be lifted up due to
the contraction in length., Thus work is being done by the load
or the tension during the process of twisting, which is stored as
potential energy of the system. If thc twist is taken out or the
twisting process is rovers.d, the potential energy is liberated.
In Fig., 5,14 the Potential inergy curve for a 1 cm, wide
and 25 cm, long ribbon has been plotted along with the cnergy
curve due to twisting. The total cnergy curve which is the sum
of two cnergies shows a very small difference from the energy
curve duc to twisting only and hence for all our future estimation

potential energy due to twisting witl e neglected,

Potential enerey due to the wrapped part

If the length along the axis of the wrapped structure be he
cms, for one turn of twist ard the length along the ribbon be

”Qz cms,, then the total contraction in length when np number of

turns have been introduced will bhe:
Contraction = ‘Qz - noho o fis o

Now the length of 1 turn along the axis = hp
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therefore

hy = — l1--;-{11“(1-4(b+5)2 23-2-)1/2}

nz
- 2
2 . ) Y
I -1 » B2 1/2
= = 2+2(1-4(b+s) {22) }

therefore contraction in length = ng - nNoho

cms.,

[}
QN
o
1
i
—
+}
N
]
o~
Py
—
+
wn
S
™
Chiﬁ
N
N
p
=
o>
=
rn

veeer (5.24)

Therefore if W be the tension during the twisting process or if

W be the weight in gms. hung from the end of the ribbon during

twisting:
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. 2 . 1/2
- N2
Potential Energy = W.'ez T (1-4(p+3) 2, -—5)‘/;l gns.
V2 TR

~.!

eeens (5,25)

Special cases

(i) Considering the negative sign in equation (5.25) corresponding
to the positive sign in equations (5.9) and (5.19) Potential Energy

- 2 1/0\
ns 1 ©

j1 -~ (1 - 4(b + S)2 —~3) /é} gms, cm,

Ve (. :
- veves (5.26a)
(i1) now if 8 = =b
Potential energy = W’gg vevr. (5.26b)

In the planar wrapped structure, the whole length of the strip is

taken up.

(iii) whem S =0

e

A b ns 1
Potential energy = Wé?z 1T - *L Mo (' =Y 5 ) /2
/2| (R
gns,
cm,
... (5.26c)
¢,
(iv) when S =0 and ns = EE
Potential energy = Wvéz (1= 7%\) Sl e (5.26d)

In Fig. 5.19 the Potential Energy curves for both the

solutions have been plotted against gap S for three values of
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0, e,

twist (2) no £ 35 ! (b) n, = 55 and (c) n» >% .
When the +ve sign solution is considered for the radius, it can
be seen that the Potential energy decreases with gap for all the
twists and also at any value of gap S the potential energy
decreases with the twist., An exactly opposite behaviour is
observed when the ~ve sign solution is co..sidered. This effect
of decrease in Potential Energy (when the +ve sign solution is
considered) can be explained by the fact that when a fixed
length of ribbon is made to give a wrapped structure then atone
turn the radius of the structure will be very large and hence
will cause maximum contraction. When the number of turns are
increased, the radius will decrease and hence a less contraction
will occur. As the potential energy is directly proportional
to the contraction a higher potential energy will be obtained
at lower twiets.

Again, it will be seen from the Fig. 5.15 that when
ng = E% the minimum potential energy occurs at zero gap
whereas np £ %—% , the minimum potential energy occurs when
there is a gap in the wrapped structure. At values of
ng ;( %% , the minimum potential energy occurs when there is
a gap in the wrapped structure. At values of np 2—; the

gap is not possible and the minimum potential energy occurs

where there is a minimum overlap for a particular twist,
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5.7 Total Energy in the Wrapped Form

The total energy stored in the wrapped form is the summation
of energy due to bending and energy due to contraction in length
during wrapping. As explained before the latter energy is stored
as the potential energy of the system. Tigure 5.16 shows that
the total energy in the wrapped part decreases as the gap 'S!
increases until a minimum value is reached and beyond that the
energy increases once again. Thus when nz = g% no structure
with a gap is possible but a wrapped form with jammed structure
is achieved, When n; > @f_ only overlapped structure is possible
but for values of n» .(lggébstructure with gap is possible, The
energy values for all thezsbove conditions show a minima in the
overlapped region of the curves, This indicates that at a

particular value of twist a structure with certain amount overlap

as shown by the curves will be preferable.

5.8 Choice of Solutions

As observed before, the equations for the (radius)2 of the
wrapped structure gives rise to two solutions, one when the
positive sign is considered and second when the negative sign is
congidered, The solution with negative sign indicates that
the radius increases as the twist is increased and also there
is an increase in radius as the gap is increased (Fig. 5.8),
Further it indicates that the total energy in the wrapped form

decreases with the increase in ftwist (Fig. 5.16). In actual
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practice quite an opposite effect is observed, the increase in
twist is always followed by reduction in diameter (when twisted
under tension), and the energy also increases with twist, The
positive sign solution satisfies these conditions of practical

observetions and hence will be used for our further theoretical

developments.,

5.9 Combination of Twisted and Wrapped Forms

When a strip of material is twisted by the application of
an external force, it will attain a form for which minimum amount
of work has to be done by the applied force. Hence in this form
minimum amount of energy will be stored.

Referring to Fig. 5.16, it will be clear that for all the
values of ny the minimum energy occurs in the region of small
overlap, but since overlapping of edges is not possible in a
ribbon of finite thickness, the minimum energy values will be
estimated from the zero gap position. Thus, it will simplify
upto certain extent the complicated calculations for the energy
values at different twists,

In our estimation of energy from zero gap position certain amount

of energy due to compression has been neglected which will
be very small because the deformation due to compression is small
and hence can be neglected,

Figures 5.17 to 5.20 show the energy values at various
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twists corresponding to the twisted form and wrapped form. It
will be noted that the energy due to bending in the wrapped form
is less than the energy due to torsion in the twisted form,
indicating that the wrapped form will be favoured. However when
potential energy in the wrepped form is added in, the situation
changes. The potential energy is observed to have a finite value
even at zero twist and is due to the weight by which it has been
tensioned to prevent it contracting as when left free. At low
twists, the twisted form has the lower energy and will thus be
the stable configuration, but at high twists the wrapped form
has the lower energy and hence will become stable. The inter-
section of the curves for energy in the twisted and the total
energy in the wrapped part in Figs. 5.17 to 5.20 indicate the
number of turns beyond which the wrapped form will appear.

It is now necessary to consider the possibility of the
twisted and wrapped forms existing together. If a given number
of turns n are introduced into the strip of length‘é , then these
may be divided in different proportions betwecen diffcrent lengths
in each form, However, stability will only be achicved when
the torque in the twisted part is equal to the bending torque
in the wrapped part.

When twisted under tension, there will be no torgue acting
on the twisted part of the structure due to this tension, but

an additional torque will be acting on the wrapped part. If Tg




. |

-—

FIG. 5.2
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FIG. 5.32
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be the tension acting along the azis of the strip in the wrapped

form (Fig, 5.21)

then the component Ty sin ap will be producing another bending
couple acting on the ribbon causing it to bend more (ag being

the helix angle). If T be the applied tension then

TS cOs 0 4¢) = T ve e (5'27)
e« T sinas = T tan as vere. (5.28)

S
If Ry be the radius of the cylinder into which the strip has
been bent then the moment of this bending couple will he
T.Rz tan «2. Thus the total torque in the wrapped part = torque
due to twist in the twisted part + torque due to tension,
Hence torque for bending in the wrapped part due to torque in

the twisted part will be obtained by subtracting the bending
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torque due to tension from the total torque in the wrapped part.
In Figs. 5.22 to 9.24 the torque twist curves have been plotted,
Thus if a given number of turus per unit length is selected for
the twisted form, the number of turns per unit length for the
wrapped form should be determined from the resultant torque twist
curve as shown by dotted lines in Figures 5.22 to 5.24. The

division of length and twist between thce two forms then follows

from the equations:

n = nq + np eoee. (5.29)
-2 U, veeee (5.30)

Thus from the above two equations

n n
- pe2 (o L verrr (5.31)
1 L2

It will be observed from figures 5.22 and 5.23 that when
the torque in the wrapped part has attained the maximum value
(at 0.5 turns/cm. for a ribbon of 1 cm. width and 25 cm, length,
and at 1.0 turn /cm. for & rivbon of 0.5 cm. width arld 25 cm.
1ength), any further increase in torque due to twisting will
cause compression between the edges of the strip without altering
the total number of turns in the strip, Only small amount of
energy will be involved in the compression in our case because
in our experimental observation twist to cause comprossion is not

attained, hence has been neglected from our calculations at the
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present stage,

The negative bending moment signifies that if a wrapped form
is to be obtained with a few turns per cm., untwisting torque has
to be applied to balance the torque due to the tension,

The total energy in the structure may be obtained by adding
the appropriate combinations from the twisted and wrapped parts,

An example of the calculations is given in table 5.1, The total
energy in the structure at various twists for 1 cm, wide and

0.5 cm, wide ribbon has been calculated and a few energy values
near the minimum energy position have been plotted against the
length in twisted part in Figs. 5.24 and 5.25. The minima of these
cruves represent the positions of stability and so the division
between the wrapped and twicted form is established. It can be
seen that at low twists the minimum energy occurs when there is a
longer length in the twisted part btut at higher twists, the minimum
energy occurs when there is longer length in the wrapped part,

This theoretical division is shown plotted against the number of

turns in Figs. 5.26 and 5.27.

5.10 Comparison of Theoretical and Experimental Results

In Figs. 5.26 and 5,27 the theoretical and experimental
results for thc length of strip in the twisted part during
twisting have been shown. It will be seen that the theoretical

and experimental curves have got an excellent fitting for 1 cm.
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wide ribbon but for 0.5 cm. wide ribbon the fit is not very good,

In Figs. 5.28 and 5.29 theoretical and experimental values
for contraction in length dur_ng twisting have been plotted
against the number of turns introduced. It will be seen that the
initial portiom of the theoreticel curves show no contraction
in length (according to our assumption) which agrees quite well
with the experimental results, Near the end when nearly all the
length of the strip has been wrapped a large difference in the
contraction values between the theoretical and experimental
results ig obtained. This is due to the reason that as the strips
are held in the flat jaws of the apparatus a certain length of
strip can not wrap completely and thus giving & lesser contraction
value than actual,

Figs. 5.30 and 5.31 compare the theoretical and experimental
values of helix angles for 1 cm, wide and 0.5 cm. wide ribbons,
For 1 cm. wide ribbon the theoretical and experimental curves
agree quite well showinz that the helix angle in the twisted
part increases with twist until the wr=pped form appears, after
which the helix angle in twisted and wrapped part remainsconstant
and any twist introduced changes the twisted form into wrapped
form, The curves for 0.5 cm. wide ribbon show quite a contrary
result, The theoretical curves show a decrease in the helix
angle with twist in the twisted part after the wrapped form has

appeared with an increase in the helix angle in the wrapped part.,
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The experimental results show that the angle in both the parts

remains constant.,

5.11 Discussion of Results

The above comparison of theoretical and experimental results
shows that the agreement between them is excellent in case of
1 cm. wide ribbon but the fit is poor in case of 0.5 cm. wide

ribbon. Nevertheless the basic egreements can be explained as

follows:
(a) When a ribbon is twisted the number of turns

introduced goes to form the twisted structure and the helix

angle of the structure increases slowly.

(b) The contraction in length during twisting is very small
until the wrapped form appears when the contraction increases
rapidly.

Any disagreement between the theoretical and experimental
results may be due to the following causes:

(1) Neglect of the effcot of radius at which wr:ipped
structure jams.

In our calculations for the radius of wrapped structure at
zero gap, the structure was assumed to have been jammed at the
middle of the thickness of strip (Fig. 5.32&). This is nearly
true in case of very wide ribbons (1 cm. wide, where 3= 10

or over), but in case of narrow ribbons (0.5 cm. wide where
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b . .
3= 5) the Jamming of the structure takes place in the inner
layer s shown in Tig. 5,52(b)., This will in effect reduce the

exper . mental values of

contraction in the wrapped part and hence a smaller energy than
the calculated value will be stored in the wravped part. Since
the torque in the wrapped part is inversely proportionnl to
the radius® (R2%), the experimental torque values will be
higher than the calculated values and also the energy stored in
the system will be larger than the theoretical values.

This effect is greatly magnified in the case of narrower
ribbons and hence the disagreement between the theoretical and

experimental values is increased,

(i) Neglect of the energy relations at the boundary

between the twisted and wrapped forms.

Going back to the geometry of two forms it can be obeerved

that if a line was drawn along the width of the ribbon perpendicular
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to its axis, then in twisted form this line will rcemain
perpendicular to the axis of this form but same line will be
inclined at an angle to the uxis of the wrapped form. This is
quite true in casc of 1 cm. wide ribbon, but 0.5 cm. wide

and narrower ribbons this line becomes inclined to the axis

of twigt when wrapped foram is ~pproaching. This will include

certain amount of shear encrgy in the system.

(iii) General assumptions of the small stroin elastic
theory in ¢ problem involving lorge strains.
Although corrections for lurgc strain have been npplied
the fundamentcol 2quations for the elastic theory were

arrived at by considering small strain.

(iv) Experimental error, though the only possible source
of appreciative error here is non-uniformity in the rubber strip

leading to inappropriate values of the moduli used in

calculations,
From above discussions 7t will be clear that tr:oretically
a number of forms can be available. The structure might be

twisted form or a2 wrapped form with or without gap. The form

which will have minimunm energy will be obtained in practical

cases,
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CHAPTER 6

ettt

STUDY OF THE TU1STING OF FILAMENT BUNDLES

6.1 Introduction

The experimental and theoretical studies have shown with
Tair agreemenl how & flet rubber strip can twist in two quite
distinct forms. In this chapter the work has been extended to
see how gimilar ideas apply in the twwisting of filament bundles.
Three idcal forms of twisted structures have to be investigated:
(
(

(c) Urapped flat ribbon,

o

) Tuisted cylindrical bundles
)

Twisted flat ribbon

o

Once a2zain, for convenicnce, rubber filawents ('Shirelastic!
threade -~ rubber fileoments covered outside with cotton thread) of
circular cross~section were chosen for the study.

The study of the twiztud structure was divided into two
gections.

(1) An assembly of filaments in a ribbon form und obscrved
under three differcnt types of twisting:
(i) Qtatic Twisting
{

\ii) Twisting at Constant Tension

(iii) Continuous Twisting,




(9) A eylindrical csscmtly of filumcunts and twicted on the

<

continuous twisting typc machine.

6,2 Description of the Apparatus Uscd:

6.,2.1 Twictiws of A Aibbon of Milane nts

(i) ror making ohservetions duriluy static twisting the

rilbbon was twistcd on a twiazt tester,

(i) Twisting at conct=nt tension - A fixed length of ribhon
was held betucen a jaw which could be rotated and the jaw of a
trolley sliding on rails. (4 description of this appuratus

g o A\
has been iriven in Chaptor 4.

(iii) Contiruous twistiny of ribbon - A lencth of filements
was deliverced by this mechine cond twist was iaparted ot the same
time. Th. length was talen up by the movement of twicting unit
backwards as twist was imparted. The twisting unit was made the
controlling unit for delivering fhe length of filaments,

The twisting unit of the apparatus is the scme as that used
for twisting solder wire (Chapter 3). A feed system wes attached
to this twisting unii to deliver filamente as twist was imparted.
The delivery roller assembly used for this purpose was the
as the delivery roller assenbly described in Section 3.3.1(0).

Fig. 6.1 shows the full cssembly of the twisting unit.

In order to get 2 purely ribbon form of twisting the
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filements were passced through o nlov nrde on 1/8” thick Perspex
plate, A P-shoped Ferspex block of inme 21z as the slot on
the Perspex plote was pushed into the slot until the width of

the slot wos the same s the width of the ribhon of filoments
usid, Thus the widtih of the elot could be djiusted cecording to
the width of the ribbon of [ilomerts., Two cdges ¢f Perspex plates
were Kept pressod ngairst the ribbon of filcoments on cither foce
of the moin Perepex plite with slot, to cnsurs that the filaments
arc fed in o ribbon form, These suxilinry Perspex plates

cithcr free of the mein TPerspex plete with ¢lot could be moved
apart ond con vo sdjusted teo food different thicknesces of ribbon.,
Cerc wos token to mount this nssembly on the fwisting machinc in
front of the delivery rollers such thet the slot, the twisting

jaw and the nip of tie delivery rollers were in the smme horizontal
plane,

Cne ¢nd of o flexitle shuft was ottrchied to the bottom shoft
of the twistine unit and the other ¢nd wes connccted fo the bottom
delivery rollers. Thus the twisting unit wouid control the
delivery of the filoments. As the pitch circle diemoter of the
pinion on the rock was one inci and fthe dicmeter of the delivery
rollers was onc inch, on. complcte rotation of the bottom sheft
would move the twisting carri=ge by %.14 inches on the rack and
at the seme time 3.14 inchos of ribbon were fod by the delivery

rollers. Ev using a varied combination of gear wheels on the
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twisting head the turns per unit lenyth introduced during
twistins could be altered.

i single layer of ten filaments and two lavers oi ten
filaments were twisted snd their structure studied. ihen making
a ribbon, tue filamenis were lzic side by side parnllel to each
other and were passed over 2 smooth ~lass rod 2nd they were then

n

[

individually tensioned, The front end o1 this ribbon sao th
cello=tzped und vrs passed through the dslivery rollers, the
ribbon forming; nlute on to the twisting jew. ‘hen twisting two
luyers of (ilaments, one layer was madc by usine colourcd shire-
lastic und the ofher was kept white, This helped in observing

how different 1-~ycros of filameng were behovine during twisting,

5.2.2 Twisting of filuments arronered cylindrically

To study the cylindrically twiated structure = different
attachment hed to be mide to feed the filrments ce o cylindrical
bundle to the twisting jaw after they have cmerged out of the
delivery rollers. A cwmall hole was drilled into o Perspex rod
such that the diameter of the hole would be the seme as the
diameter of the circle when the filrments were arranged in a
cylindrical form., This attachment wns then mounted on the
twistine npparatus in front of the delivery rollers instead of
the ribbon forming unit. A fine hole wns drilled through the

Perspex rod in o direction perpendicular to its length and =~




D
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necdle was passed throuzn this hole. This vr-vented the twist
passing through on te the other end of this cylindricnl feeding
attaclment, iig, 6.2(b). Thi. needle rlso served the purpose
of preventing the two 1l-yers of different coloured fil:mente
from mixing together until they come up to the point of twist
formation, Thus ~11 the whifc elnstic fil-oments were possed
throngn from one half gide of this divactrical wire -~nd the
blue filsments from the other hulf,

The cylindricnlly twisted structure whs ~1so studied by
feeding the fil-ements in a circul:r ~rrny by prszing them through
n spacer, The sprcer was mrde by drilling noles on n Perspex
plate. The holes were drilled on concentric circles of rndius
r, 2r, etc. such thnt there wns one hole in the centcre of the
circle, six holes equally spaced on the first circle, twelve
holes equcally spneed on the second circle and so on., A dingrem
of this attachuent is shown in Fig. €.2(d), Thic attachment
wrs mounted on the twisting part of the npperatus in front of
the delivery rollers, This method of ¢ylindrical feed differs

from the previous method thot the filaments are not fed in a

bundle.,

6.% C(Observations

The twizting process was carried very slowly ard the

behaviour of different coloured filaments at each stage of
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twisting were carefully noted, ‘The nunber of filaments of
different colours appecring on the surface were counted and their
positions located. Thus n cress-section of yarn was craun,
Althoush this crosc-section muy rot be exactly the s.me as the
cross—gection of the yorn if it vere imbedded 2nd then sectioned,
yet it will give us nearly .. very true dicturc of the structure
of yarns, The filements which went into the core of the yarn
structure and their vositions could not exactly be located, were
drawn with dotted lires. The two different sh-des in the figures

distinguish the colour of filumeuts used.

6.3.1 2Aibbon Twisting

(A) Single Luyer (i’ Static Twisting It will be observed

’

that the twisted rivbon form stays for about n quarter of o turn
and after that the cdges of the ribbon begin to curve, Vhen
about half & turn hes been introduced, the ribbon bends from

the middle into a /\ -shaped structure. On introducing further
twist the gop between the two edges bezins to cloze, and when
one full turn hes been introduced o structure which hos got o
hollow in the centre is obtained hut the structure ic not
circular, It is an elliptical sort of structure with onec end

of the mejor axis flattened, On twisting this structure further,
it twicts as two lanyers of filaments ond gives rise to twisted

ribbon structure sagain with = narrower ribhon width nnd finnlly

we get o structure which is still not circular but is elliptical
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with very little difference in mnjor and mincr nxes. Mg, 6.3,

(i1) ‘dwisting ~t ccnotont toension. The first

three siages of structure obscrved in this cuse are simil-r to
the structures in the previous cicge but nftar tht instend of the
ribbon breaking from the middle into . /A =-sh~ped structure, the
cedges of ritlen cruve more until finnlly ~t onc complote turn we
get o structure with hollow centre but the yarn docs not appenr
cylindrical from outside. If the twisting ic 2llowed to proceed
on, this structure c¢ollopses into r flat ribborn hoving two

leyers cnd the twisting of » flot ribbon continues once again,
Mg, 6.4,

(iii) continuous twizting. In thic case nlso

twisted ribbon structvre is obfirined ap to o quarter of 2 turn

but further twisting le~ds the fl-% ritbon %o fold into an N-shaped

structure, Beyond half -~ turn until one turn the long edges

of the M-ghrped structure keep on curving cnd -t onc full turn

we got o £1lot structure with one fil-ment in the centre and

nine filaments forming the outer boundary of the y-rn. Obviously

a certain amount of gap at the centre is present as well, VFhen
higher turns per inch are introduced in this twisting, the

structure mentioned abo~e flatteus out and starts twisting as

a narrower but thicker ribbon until finally a cylindrical

appearance of yarn is obtained. Fig, 0.5.
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(B) Two _Layers (1) Static Twisting 'The twisted ribhon

structure was obtaired for o quarter of a twist and heyond that
the euges of the ribbon began to curve and this curva.ure went
on inere.sirns until at one full turn a hollow centrad structure
was obtrined, Tt will bYe observed that the structure ic not
exactly circulnr ond o211 the blue coloured filaments are not
complately covered by the white filaments., rhe explanction is
quite sinmple, tlic space inside the hollow cylirder formzd by the
white [ilamentcis not sufficient to hold all the bLlue filaments
which arce the some in number as the white ones. Hence certsin
number of coloured filaments were visible on the surfoce of

the wwicted yarn, On further twisting this hollow structure,
it assumes a closely pncke<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>